Feeding behavior of barnacles may be determined by various factors such as water flow direction, flow velocity, type and location of substratum, predators, systematics, and more. In this study, two shallow-water barnacles from the Red Sea, Amphibalanus (¼ Balanus) amphitrite and Tetraclita rufotincta, and one from the Mediterranean, Perforatus (¼ Balanus) perforatus, were examined. Four feeding behavioral parameters were tested under changing conditions of flow direction: cirral fan turning angle, beat duration, beat rate, and percentage of time spent collecting food. When exposed to water, Tetraclita and Amphibalanus collected food vigorously and continuously, regardless of flow direction, while Perforatus perforatus spent far less time and effort collecting food. The differences in feeding behavior may indicate that food is more abundant for the Mediterranean barnacle than it is for the two Red Sea species. The nocturnal behavior of Tetraclita can be attributed to the higher abundance of food particles at night, and/or a diminished risk of predation at night.
INTRODUCTION
Barnacles are sessile, filter-feeding crustaceans that attach to a variety of marine substrata, including live animals and inanimate objects. In order to obtain food particles, i.e. detritus and plankton, they spread their thoracic appendagesthe cirri -to form a cup-shaped fan. Cirral activity was studied in a wide spectrum of thoracicans, including representatives from the Lepadomorpha, Verrucomorpha, and Balanomorpha [see reviews by Anderson and Southward (1987) and Anderson (1994) ]. Crisp and Southward (1961) recognized five modes of cirral activity in barnacles: 1) testing, in which the cirri are not protruded; 2) pumping beat, in which the cirri extend slightly and rhythmic movements of the body produce water flow through the mantle cavity, mainly for respiratory purposes; 3) normal beat, in which the concave cirral fan rhythmically extends, gathers food particles, and withdraws into the mantle cavity within the shell for transfer of trapped particles to the mouth; 4) fast beat, similar to normal beat but with the cirral beating quicker and food transfer takes place outside the mantle cavity; and 5) prolonged extension, in which the cirral fan is spread out and held so for relatively long periods of time. Anderson (1981) recognized a further category, 6) strong pumping beat, in which the body performs a vigorous rhythmic pumping action and the cirral fan is unrolled and withdrawn on each beat, at all rates of beating -the more frequently the body moves, the greater the flow of water through the mantle cavity.
In this study, we examined two shallow-water barnacles from the Red Sea, Balanus amphitrite Darwin, 1854 and Tetraclita rufotincta Pilsbry, 1916 , and one from the Mediterranean, Balanus perforatus Brugiére, 1789. [The taxonomy of Balanus amphitrite and Balanus perforatus was recently revised by Pitombo (2004) : Balanus amhitrite now belongs to a new genus, Amphibalanus, and to the new subfamily Amphibalaninae, while Balanus perforatus became Perforatus perforatus in the subfamily Concavinae.] P. perforatus and Tetraclita squamosa Brugiére, 1789 perform mainly strong pumping beats as a basis for microfiltration by the maxillipeds; they also employ captorial planktivory by cirri extension as a subsidiary feeding mode (Anderson, 1981 (Anderson, , 1994 Anderson and Southward, 1987) . A. amphitrite performs mainly normaland fast-beat planktivory, supplemented by simultaneous maxilliped microfiltration: in normal beat, water flow through the mantle cavity is increased for greater filtration of microscopic food, while in fast beat there is an increased chance of capturing particulate food by the large cirri (Anderson and Southward, 1987) . In order to improve the efficiency of particle capture, adult barnacles may rotate their extended cirral fan to face the current (Crisp and Bourget, 1985; Trager et al., 1992) . Further enhancement of adult feeding efficiency generally includes attachment to the substratum with the rostrum and hence the feeding fan directed toward the prevailing current (Crisp and Stubbings, 1957; Ayling, 1976) . In the present study, we attempted to elucidate the feeding strategies of the tested shallow-water barnacles from the Red Sea and the Mediterranean, and their relation to flow direction and diurnal cycle. We also analyzed the attachment orientation of T. rufotincta at the Gulf of Eilat.
MATERIALS AND METHODS
Amphibalanus amphitrite, Perforatus perforatus, and Tetraclita rufotincta barnacles were collected by carefully scraping them off the substratum at a fish-farming pool near Eilat (Red Sea), a fish-farm net near Mikhmoret (Mediterranean), and a jetty at the InterUniversity Institute in Eilat (Red Sea), respectively. The animals were inspected for injury of their basis, and barnacles with a damaged basis were removed from the experiments. All animals were transferred to the laboratory in seawater and kept live in running seawater at room temperature (;258C).
All cirral activity experiments took place within a day after collection of the animals and were conducted in a recirculating 15-L flow tank (Vogel and LaBarbera, 1978) using the equipment and procedures described by Pasternak et al. (2002) . A unidirectional flow of sea water was generated using a motor-driven propeller immersed in the flow tank. The barnacles were attached to a small, rotating, circular platform that was placed in the flow tank. A 3608 protractor was attached to the platform, showing the position of the rostro-carinal axis (RCA) of the animals in relation to the direction of the flow. At the beginning of each experiment, the platform was placed at 08, i.e., the RCA was parallel to the flow direction with the water flowing from the rostrum to the carina. Flow velocities for A. amphitrite, P. perforatus, and T. rufotincta were 6, 7, and 6 cm/s, respectively, since it was found that these were the speeds in which these barnacles were most active. Flow velocity was determined by videotaping the movement of ten freefloating, neutrally buoyant particles in the water ;0.5 cm above the barnacles, and analyzing the speed of the particles. For A. amphitrite and P. perforatus, white fiber-optic light was used for illumination; for T. rufotincta, which is a nocturnal creature, infra red lighting was used. The behavior of the animals was recorded using a Hi8 CCD video camera (Sony V7000E) with a close-up lens, positioned above the tank. The platform was rotated periodically, in order to examine the chosen behavioral parameters at different angles of RCA deviation from the flow direction. At each angle, at least ten large (adult) animals were observed, each specimen for at least three minutes. Video tapes were subsequently analyzed by frameby-frame tracking (Sony 9800P Video Analyzer) to quantify the following behavioral parameters of cirral beating: cirral-fan turning angle (degrees), beat rate (beats/minute), beat duration (seconds, from the moment the cirral fan is fully extended until it folds back into the shell), and collection time fraction (CTF), the fraction of time during which the cirral fan is stretched out to collect food.
Surveys of T. rufotincta RCA angles (relative to the magnetic north) were conducted at two Red Sea locations, a jetty at the InterUniversity Institute (IUI, n ¼ 538 barnacles) and rocks at Princess Beach (PB, n ¼ 549 barnacles). RCA angles were determined using a compass, with north ¼ 08 (see Fig. 1 ).
RESULTS
Our prolonged observations of Tetraclita rufotincta in its natural habitat could not detect any feeding activity during daytime. When studied in the laboratory, T. rufotincta barnacles, irrespective of size, settlement orientation or time of day, always started feeding shortly after the lights being turned off and stopped feeding within 10 seconds of the lights being turned on.
Cirral-fan turning angles ( Fig. 2A ): T. rufotincta and A. amphitrite behavior patterns were highly correlated (Spearman rank correlation test [SRCT] , n ¼ 7, rs statistic ¼ 1.00, 95% CI ¼ 1.00, 2-tailed P , 0.001). Both these barnacles responded to changes in flow direction by adjusting their cirral fan to face the flow. They were unable to perform turns greater than 1208, so when the deviation between the direction of the flow and the RCA was larger than this, they could not turn the cirral fan fully into the flow. P. perforatus performed the same cirral fan turn to face the incoming flow, but only until the deviation between flow and RCA directions reached 908. At greater deviation angles, the turning angle became gradually smaller, a behavior pattern that is significantly different from that of T. rufotincta and A. amphitrite (SRCT, n ¼ 7, rs statistic ¼ 0.21, 95% CI ¼ À0.64 to 0.83, 2-tailed P ¼ 0.6445). Beat duration (Fig. 2B) : both T. rufotincta and A. amphitrite showed no significant difference in beat duration when barnacles were placed at different RCAs to the flow (one-way ANOVA test, d.f. ¼ 4, F ¼ 1.35, P ¼ 0.26 and d.f. ¼ 6, F ¼ 3.53, P ¼ 0.07, respectively). When results from all angles were pooled for each species, beat duration of T. rufotincta was 2.8 6 1.2 s and that of A. amphitrite was 0.8 6 0.1 s. P. perforatus, on the other hand, changed the duration of its beats significantly (ANOVA, d.f. ¼ 6, F ¼ 7.89, P , 0.001) depending on the deviation angle between RCA and flow: when the deviation angle was 08 or 908, beat duration À 0.3 6 0.1 s -was significantly higher than at all other angles À 0.2 6 0.1 s (post-hoc Scheffe tests).
Beat rate (Fig. 2C ): T. rufotincta and A. amphitrite did not differ significantly between RCAs (ANOVA, d.f. ¼ 4, F ¼ 1.86, P ¼ 0.1946 and d.f. ¼ 6, F ¼ 1.86, P ¼ 0.1215, respectively). When results from all angles were pooled for each species, A. amphitrite beat at 67.7 6 21.6 beats/min, while T. rufotincta beat at 21.2 6 2.8 beats/min. For P. perforatus, beat rate changed significantly at different deviation angles (ANOVA, d.f. ¼ 6, F ¼ 5.19, P , 0.001): the beat rate at 08 and 908 À 78.0 6 15.3 beats/min -was again significantly higher than at all other angles À 48.6 6 12.8 beats/min (post-hoc Scheffe tests).
Collection time fraction (CTF, Fig. 2D ): For T. rufotincta and A. amphitrite, CTF did not differ significantly between RCAs, nor between species (ANOVA, d.f. ¼ 11, F ¼ 1.46, P ¼ 0.159). After pooling, the CTF of T. rufotincta was 0.94 6 0.10 and that of A. amphitrite was 0.86 6 0.12, meaning that they both spent 75-100% of their time with the cirral fan extended into the water for food collection. The CTF of P. perforatus at RCA of 08 and 908 À 0.39 6 0.11 -was significantly higher than at all other angles À 0.13 6 0.05 (ANOVA, d.f. ¼ 6, F ¼ 4.30, P , 0.001 and consequent post-hoc Scheffe tests). This means that, depending on the direction of the flow, it may spend just 10-40% of its time collecting plankton.
Survey of Red Sea T. rufotincta RCA angles: to test whether the circular distribution of RCA angles is uniform or directional, the length of the mean vector, r, was calculated (r ¼ 0 for totally uniform and r ¼ 1 for totally directed distribution). The angle distribution was found to be significantly directional at both locations (r . 0.8, P , 0.01; see Table 1 ), but not significantly different between them (Watson-Williams F-test, F ¼ 0.09, P ¼ 0.77). The direction of RCA of all T. rufotincta barnacles examined (n ¼ 1087) was 281 6 358 (mean 6 circular SD).
DISCUSSION
Feeding of T. rufotincta is mainly, if not exclusively, nocturnal. Mori (1961) , conducting experiments in still water, showed that Tetraclita japonica Pilsbry, 1916 is more active at night than at daytime and explained the differences in behavior as a response to elevated daytime temperatures. However, a better explanation might be the higher abundance of food particles at night: Yahel et al. (2005) and Holzman et al. (2005) found at the Gulf of Eilat, next to our sampling site, an increase in the density of plankton in the water column at sunset. The increase in abundance at dusk was greater than fourfold, mainly in the size fraction between 500-710 lm. Avoidance of predation (mainly by fish) can also explain the nocturnal feeding of T. rufotincta. Yahel et al. (2005) monitored the foraging activity of several fish in the vicinity of our observation sites and noticed that at sunset, fish showed a substantial reduction in activity. The smallest fish in the schools spent prolonged durations within shelters, while the larger fish remained active but reduced their activity and hovered close to their night shelters.
A. amphitrite and T. rufotincta, the two Red Sea barnacle species, are not closely related systematically but show convergence in their food-collecting behavior: first, they always respond (or try to respond) to changes in flow direction by adjusting their cirral fan to face the incoming flow; second, their beating rate and duration are unaffected by RCA deviation from the flow direction; and third, they spend almost all of their time with the cirral fan outstretched for food collection. Whenever the barnacles have a chance to collect food, they pursue it vigorously, regardless of flow direction. However, while they do spend a similar percentage of time collecting food, A. amphitrite barnacles do it by beating quickly and leaving the cirral fan outside for only a short time at each beat, while T. rufotincta beat slowly and keep the cirri outside for relatively long lengths of time at each beat. This difference may reflect either the phyletic distance between these two species, or it may be due to a reduced hazard of predation facing the nocturnal T. rufotincta.
Although systematically fairly closely related to A. amphitrite, P. perforatus displays a feeding behavior different from that of the other two barnacle species: first, when the deviation between RCA and flow direction is greater than 908, it gradually stops turning the cirri, making no effort to face the oncoming flow; and second, the effort to collect food is greatest when the barnacle RCA directly faces the incoming flow (at 08) or is perpendicular to it (at 908). This increased effort includes an almost two-fold increase in both beat rate and duration, resulting in a threefold increase in food-collection time percentage. Even this ''increased effort'' is not very vigorous, though, reaching only about half the CTF of A. amphitrite and T. rufotincta due to the very short beat durations. All these behavioral characteristics suggest that either food is more abundant for P. perforatus than it is for the other two species, or that its risk from predators during feeding is higher; both explanations would account for feeding only when flow conditions are favorable and a relatively large amount of food may be collected in a short time.
The question of the orientation of attachment of intertidal barnacles is an interesting one. These sessile creatures are not only exposed to periods of desiccation each day, but Fig. 2A ): they were able to respond to changes in flow direction by rotating their cirral nets to a maximum of 1208. This rotation, however, exacts a price in both energy and time. One may wonder whether in nature they are required to use the full potential of their rotating ability or whether they are so attached that the RCA is located toward a particular direction, presumably the one from which the majority of water and food comes [as has been found for barnacles attached to living hosts such as crabs (Pasternak et al., 2002) , turtles (Meischner, 2001) , and whales (Crisp and Stubbings, 1957; Kasuya and Rice, 1970) ]. At the study site, most T. rufotincta barnacles proved to be attached to the substratum with the RCA facing ;2808, which points them directly towards the immediate shore. The cirral trap is thus oriented towards the waves' backwash, which flows seawards. Since the shoreward wave surges are stronger and have a more intermittent energy pattern, barnacles oriented towards them may experience difficulty in food collection; such is the case with Semibalanus balanoides (Linnaeus, 1767) , Balanus crenatus Brugiére, 1789 and Elminius modestus Darwin, 1854 (Crisp and Stubbings 1957) and with Balanus trigonus Darwin, 1854 (Ayling, 1976 . In contrast, after losing mechanical energy, the flow in the returning (seaward) waves is less vigorous (Denny, 1998) and do not exert high stress on the extended cirri enabling easier food capture. The behavior of Tesseropora rosea (Krauss, 1848) (Anderson and Buckle 1983 ) is similar to that described by us in Tetraclita. Tesseropora rosea could only feed efficiently when the barnacles faced the backwash or upon 908 rotation of their cirral fans of the water current. Otway and Underwood (1987) found that adults showed pronounced orientation with cirral fans facing the backwash. Newly settled individuals had significantly greater angular variance than adults, and long periods of ''incorrect'' orientation lead to loss of body weight. The feeding strategy described in the pedunculate barnacle Pollicipes polymerus Sowerby, 1833 by Denny (1998) also resembles that of T. rufotincta: P. polymerus keep their cirral net furled inside the shell while the very rapid water flow of the upsurge passes by, and expand the net during the less stressful backwash. It is unknown whether the uniform angle of attachment of T. rufotincta is determined during the settlement process of the larvae, or the larvae settle randomly and only later die and fall off the substratum if they are positioned ''incorrectly''. For Semibalanus balanoides, Balanus crenatus and Elminius modestus, Crisp and Stubbings (1957) noticed that there is no appreciable influence of water current on the cypris at the time of fixation or during metamorphosis. The cyprids' orientation is usually toward the light at first, and is later modified by the water currents during growth. If Larval settlement orientation is indeed the cause, water movement is likely to be the primary orientation stimulus for settling larvae of this species, with the larvae orienting themselves so that the cirral fans of the impending adult barnacles will face towards the best direction of water flow, i.e., the returning waves, thus maximizing the efficiency of food collection. Field observations and experiments to show how the alignment comes about, at settlement or by death of ''misaligned'' barnacles should be a subject for further investigation.
